We analyze the propagating optical modes in a Silicon membrane photonic crystal waveguide, based on subwavelength-resolution amplitude and phase measurements of the optical fields using a heterodyne near-field scanning optical microscope (H-NSOM).
Introduction
Since the first demonstrations of the near-field scanning optical microscope (NSOM) in 1984 [1, 2] , the technique has proven to be an important tool for subwavelength resolution observation of various optical field configurations [3] [4] [5] , including evanescent and other nonpropagating fields [6] [7] [8] [9] [10] . A more recent innovation, the heterodyne NSOM (H-NSOM) [11] , permits the near-field measurement of both amplitude and phase, providing previously inaccessible information about the optical fields under investigation. This technique has been applied to a large number of studies, in particular involving subwavelength-scale structures, localized optical field phenomena, and photonic crystals (PhCs) in the visible range [12] [13] [14] .
With the recent rapid developments in optical fiber communications and semiconductorbased photonic devices and systems, there is a clear need for H-NSOM tools operating in the near infrared wavelength range. Although H-NSOM has only recently been adapted to this wavelength band, several interesting applications and results have already been reported [15] [16] [17] [18] [19] . In particular, for photonic devices based on subwavelength-scale features, such as photonic crystal structures, this technique is an indispensable diagnostic tool. Typically, characterization of such devices is carried out in the far field, by measuring the spectral response of the light that emerges from the structure. Instead, by measuring the optical fields as they propagate inside the device-with subwavelength resolution and with amplitude and phase information-H-NSOM provides significant additional information about the optical properties of the device [18, 19] , and greatly facilitates both understanding the operation of the device and improving its performance. Furthermore, as manufacturing technology advances and photonic systems achieve higher degrees of complexity and integration, localized in-situ characterization of optical fields will become increasingly useful and necessary.
In a previous letter [20] , we demonstrated the feasibility of measuring the amplitude and the phase of the propagating optical field in ridge and Silicon membrane PhC waveguides operating around 1550 nm wavelength using the H-NSOM technique. In this paper, we focus on a single example-a straight square-lattice Silicon membrane PhC waveguide-and perform a significantly more detailed analysis of the optical propagation characteristics of the device based on H-NSOM measurements. A detailed description of the H-NSOM tool (based on Nanonics MultiView 2000™ System) that was used for these measurements is given in [16] . By comparing measurement results obtained for a range of optical wavelengths around 1550 nm, we determine a number of important characteristics concerning the propagating modes in the waveguide, including the number of propagating modes, their effective wavelength, their relative amplitudes, the position of the band edge, and the approximate input coupling efficiency as a function of wavelength. This information supports a much better understanding of the propagation of light within such a structure, enabling a detailed comparison of the experimental results with theoretical predictions. Overall, this investigation demonstrates the range of information provided by high-quality H-NSOM measurements, in many cases yielding insight that is unattainable using far-field optical characterization techniques.
In the next section we provide a brief description of the fabricated PhC waveguide sample and describe its expected properties from the calculated dispersion diagram. In Section 3 we present experimentally obtained results validating the existence and the position of the PhC band edge. Section 4 presents measurements of the complex amplitude for the propagating modes in the PhC waveguide, and the subsequent spectral analysis to determine the mode propagation properties. Section 5 is devoted to the measurement of input coupling loss at the interface of a single mode ridge waveguide and the PhC waveguide. Section 6 concludes the manuscript.
Description of the PhC waveguide
The optical micrograph in Fig. 1(a) shows the layout of the fabricated device, consisting of a pair of ridge waveguides coupled to the edges of a PhC waveguide. A square mesh PhC lattice with a period of 496 nm, air holes of radius 190 nm, and a membrane thickness of 290 nm (see Fig. 1(b) ) is used to create a W1 PhC waveguide by removing a single row of air holes (here W1 stands for PhC waveguide with one missing row of holes). The total length of the W1 PhC waveguide is about 25 microns. The device is fabricated in a silicon on insulator (SOI) wafer using electron beam lithography of PMMA resist for patterning, followed by reactive ion etching to transfer the pattern into the SOI substrate. The oxide layer below the PhC structure was removed using a buffered hydrofluoric acid vapor etch, thereby creating a PhC membrane. With this configuration a symmetric mode in the vertical direction can be obtained, and the radiation loss is reduced significantly.
To facilitate the injection of light into the device, two tapered ridge waveguides are coupled to the input and the output facets of the W1 PhC waveguide (See Fig. 1 ). These tapered waveguides perform adiabatic mode conversion from 10-μm width to 500 nm width to allow single mode propagation and to better match the mode profile of the W1 PhC waveguide. Nevertheless, some loss is to be expected at the boundary between the ridge waveguide and the W1 PhC waveguide, due to mode mismatch. This issue will be further addressed in Section 5. The expected dispersion diagram for the TE-like modes of this PhC structure was numerically determined using a fully three-dimensional calculation based on a plane-wave expansion method [21] . The results of this analysis are summarized in Fig. 2 : Solid black lines represent the guided defect modes (labeled e 1 , e 2 , e 3 , and e 4 ). The dark gray shaded regions in Fig. 2 represent modes that can propagate through the crystal. The light line is introduced in Fig. 2 to define the boundary between the leaky and the propagating modes: modes above the light line leak energy whereas modes lying below the light line are confined in the membrane. The blue shaded region in Fig. 2 shows the approximate measurement region. The dispersion diagram of Fig. 2 shows that in the measurement wavelength range we expect to excite two modes, labeled e 1 and e 2 . The cutoff frequency for mode e 1 occurs at a normalized frequency of about 0.325, corresponding to a wavelength of about 1525 nm. The mode e 2 exists for the entire frequency range under study. However, for wavelengths shorter than about 1525 nm, the e 2 mode lies in the dark gray region, where PhC states are allowed, leading to leaking of the light from the waveguide into the PhC structure. In the following section we investigate experimentally these theoretical predictions.
Characterization of photonic crystal band edge
We first investigate the guided modes of the W1 PhC waveguide at a wavelength of 1560 nm, where we expect the light to be strongly guided in the waveguide channel. The H-NSOM system is used to measure amplitude and phase images of the W1 PhC waveguide following the procedures described in Ref. [13] : the light from a fiber-coupled tunable laser is split into two arms in a Mach Zehnder interferometric arrangement. One arm has a tapered fiber that is used to couple light into the cleaved edge of the fabricated device. An NSOM tip is introduced into the evanescent field just above the W1 PhC waveguide shown in Fig. 1(b) . The optical field coupled into the NSOM tip is mixed with the light in the reference arm of the Mach-Zehnder interferometer and introduced into a photodetector followed by signal processing [13] . The NSOM tip is used to scan an area of 7x7 μm and the detected images are used to reconstruct the time-domain propagation of light, as shown in Fig. 3 . The results of predominantly stationary mode configuration. The movie was generated by adding for each frame a time-dependent phase to the measured phase, and taking the real part of the resulting complex amplitude. Such time-domain reconstruction of the optical field is only possible if amplitude and phase data are available. We also investigate the excitation of modes well within the PBG and close to the edge of the PBG. As expected, at an optical frequency close to the edge of the PBG (corresponding to a wavelength of 1520.0 nm) the optical field is not strongly guided, as is clearly seen from the detected amplitude and phase images shown in Figs. 4(a) and 4(b), respectively. In contrast, for a wavelength of 1560.0 nm (well within the PBG), the amplitude and phase images of Figs. 4(c) and 4(d), respectively, reveal well-guided optical propagation. The amplitude image (Fig. 4(c) ) shows that the light is localized to the waveguide channel, and the phase image (Fig. 4(d) ) shows planar phase fronts. 
Photonic crystal waveguide modes
Next we perform detailed experimental measurements and analysis of the spectral modes propagating in W1 PhC waveguide, and compare these results with theoretical predictions.
NSOM measurement of waveguide spectral characteristics
The spectral measurement of the optical fields propagating in the W1 PhC waveguide is performed over optical frequencies within the bandgap, corresponding to a wavelength range of 1556.6 nm-1559.8 nm. appears to be that of the fundamental mode-the amplitude has a single lobe with even transverse symmetry, and the phase fronts within the waveguide channel are flat along the transverse direction and uniformly spaced. Similar characteristics are observed again at wavelength 1559.8 nm. However, at a wavelength of 1558.2 nm (i.e., halfway between these two values), a very different profile with odd transverse symmetry is observed. Moreover, at intervening wavelengths (e.g. wavelengths between 1558.2 nm and 1559.8 nm) we see a gradual transition between the dominant even and odd mode structures. These results reveal a periodic variation of the propagating mode characteristics with respect to the optical frequency.
Next we exploit the unique advantage of the H-NSOM technique that provides the 2-D complex amplitude information of the optical field for an operating device. Specifically, we perform a spectral analysis of the propagating modes at each excitation wavelength, thereby quantifying the modal power spectral density. 
Complex-amplitude Fourier analysis
Detailed mode characteristics can be discerned by performing a Fourier analysis of the detected H-NSOM complex amplitude measurements. The ability to perform a Fourier transform operation on the measured near field complex amplitude data is clearly a significant advantage unique to the H-NSOM method in comparison to other existing techniques. For example, the available phase information allows us to calculate the propagation constant for each mode and to distinguish between forward and backward propagating fields. Since the light in the W1 PhC waveguide propagates along a specific direction, we can perform a onedimensional Fourier transform along the propagation direction (i.e., the z-axis) to reveal the spatial frequency content of the complex amplitude. Figure 6 shows images of the resulting magnitude of the 1-D Fourier transform applied to the complex amplitude of the optical field determined from the NSOM data, with the x-axis remaining in the spatial domain, and the zaxis replaced by the corresponding spatial frequency in the z-direction. The spectral images for wavelengths 1556.6 nm and 1558.2 are shown in Figs. 6(a) and 6(b), respectively. The peaks observed in these images are associated with the various modes propagating along the z-axis. Fig. 6 . Spectral content of the optical field propagating in the z-direction when the guided optical field is excited in the W1 PhC waveguide at optical frequencies corresponding to (a) the dominant even mode at a wavelength of 1556.6 nm, and (b) superposition of even and odd modes at a wavelength of 1558.2 nm.
Figure 6(a) shows that for excitation of the guided mode at a wavelength of 1556.6 nm there is one dominant peak located in the center of the waveguide along the x-axis. For the longer wavelength of 1558.2 nm (Fig. 6(b) ), we still observe this peak, but also two additional peaks (centered at positive and negative x-coordinates) appear at a slightly lower spatial frequency. This result implies the propagation of two modes. By observing Fig. 2 , it is reasonable to believe that these two modes are e 1 and e 2 . Indeed, this expectation is confirmed in Section 4.3.
Moreover, by integrating these 1D Fourier transform results along the transverse direction (i.e., along the x-axis) we obtain the average modal power content of the guided optical fields, shown in Fig. 7 . For wavelength 1556.6 nm, Fig. 7 (a) shows a single dominant peak indicating predominantly single-mode propagation in the W1 PhC waveguide. This peak corresponds to an effective wavelength of . Note also that there is a smaller peak at the symmetric position on the negative side of the spectrum, which corresponds to the equivalent counterpropagating (i.e., reflected) mode. In contrast to commonly used NSOM intensity measurements, where forward propagating and backward propagating modes cannot be distinguished, the complex amplitude measurements permit the determination of not only the spatial frequency of the modes, but also their direction of propagation.
For wavelength 1558.2 nm, Fig. 7(b) shows two dominant peaks on the positive side of the spectrum indicating the existence of two forward propagating modes in the W1 PhC waveguide. These peaks correspond to modes with effective wavelengths of Finally, we perform a Fourier analysis for the NSOM measurements spanning the entire wavelength range shown in Fig. 5 in order to obtain the amplitude of each of the abovementioned modes as a function of wavelength. These results are summarized in Fig. 8 and clearly indicate a gradual transition from single mode propagation towards dual mode propagation, and back to single mode propagation. Evidently, changing the wavelength can enhance or suppress the appearance of the second, anti-symmetric mode in a periodic fashion. Applying a sinusoidal curve fit to the obtained experimental results yields a wavelength offset of 1557.5 nm and a period of 3.3 nm. A possible explanation for this periodic behavior is Fabry-Perot interference of propagating and counter-propagating modes. However, the interference period corresponds to a cavity length of about 150 μm and we are unable to identify such a cavity in our device (the end facet of the waveguide is located further away from the PhC sample). Further investigation is required in order to fully understand the source of this periodic characteristic.
Comparison with theoretical modal analysis
Next we use the slope of the dispersion diagram in Fig. 2 to estimate the theoretically predicted value of the propagation constants for the two expected modes. We find effective wavelength values of λ 1 = 0.57 μm and of λ 2 = 0.7 μm for the two modes relevant to our study (modes e 1 and e 2 respectively). The theoretically predicted effective wavelengths for the e 1 and e 2 modes are 15% and 25% lower than those measured in our experiments. We attribute these differences to fabrication inaccuracies and the dispersive nature of the modes. In particular, mode e 2 is highly dispersive (see Fig. 2 ) and therefore any small variation in the fabrication conditions and/or environmental and material parameters may have a strong effect on the characteristics of this specific mode.
From our plane wave simulation results we learn that the first mode e 1 is symmetric (laterally even) and has a wave vector and field distribution not very different from the fundamental mode of a ridge waveguide (Fig. 9(a) ). The second mode e 2 is an anti-symmetric (laterally odd) mode and has strong dispersion ( Fig. 9(b) ). To investigate how these two modes propagate within the PhC we performed a simulation using the finite-integral time domain method (CST Microwave Studio 5). The simulation results are shown in Fig. 10 . By controlling the source illumination profile we select the propagating modes within the W1 PhC waveguide. Fig. 10(a) shows the propagation of the even mode, e 1 . This simulation result is very similar to the experimental measurements results shown in Fig. 5 for wavelengths of 1556.6 nm and 1559.8 nm . Fig 10(b) shows the propagation of the odd mode and Fig. 10(c) shows the superposition of the two modes. The "snake-like" pattern is due to the beating of the two modes having differing propagation constants. Qualitatively, the calculated field distribution is consistent with the measurements shown in Fig. 5 (e. g., at a wavelength of 1559.40 nm). 
Estimation of coupling loss
As a final example of the application of H-NSOM to investigate the detailed optical properties of the PhC waveguide, we estimate the input coupling loss of the device. Specifically, we perform a scan over a region that includes the boundary between the input ridge waveguide and the W1 PhC waveguide. Figure 11 shows a typical scan of the measured amplitude profile clearly demonstrating a significant drop in the field amplitude. We calculate the coupling loss between the ridge waveguide and the W1 PhC waveguide by integrating the intensity in the transverse direction over the extent of the waveguide. Since the measured amplitude is not constant along the propagation direction, we estimate an average value of integration for each region. Figure 12 shows a typical variation of the intensity of the guided light along the propagation direction z. The two horizontal lines correspond to the averaged values of intensity for each of the two sections: the ridge and the W1 PhC waveguide. Although the reflection from the ridge to PhC waveguide junction has been shown to be small in far-field measurements [22] , our Fourier analysis shows that the integrated intensity of the backward-propagating modes in the ridge waveguide is approximately 50-60% that of the forward-propagating modes, corresponding to roughly 2 dB of reflection loss. This result can be attributed to the input coupling method (a tapered fiber as opposed to the microscope objective used in [22] ) possibly leading to the launching of higher order modes. The data in Fig. 11 obtained for the wavelength of 1553.5 nm, shows a 7.1 dB drop of the intensity from the ridge to the W1 PhC waveguide. We believe that the additional loss is the result of out-of-plane radiation in the junction. By performing such an analysis for measurements over a range of wavelengths, we obtain coupling loss dependence versus wavelength (see Fig. 13 ). From the results of Fig. 13 we observe that the coupling loss is also a periodic function of wavelength, with values of coupling loss varying between 2.7 dB to 7.1 dB and an average value of 4.8 dB. The period is approximately equal to the period observed in the analysis of the waveguide propagating modes (see Fig. 5 ). The coupling loss can be fitted using a sinusoidal function with a period of 3.1 nm and wavelength offset of 1557.2 nm.
In general, in our measurements we find that the coupling loss is high when the ridge waveguide mode is mostly coupled to the symmetric PhC waveguide mode. This is somewhat counterintuitive, since we would expect the most efficient coupling to occur between the symmetric fundamental modes in the ridge and PhC waveguides. However, as seen in Fig. 11 , the light in the input ridge waveguide does not appear to be predominantly in the fundamental mode. While not conclusive, this result indicates that the light injection from the tapered fiber into the ridge waveguide was most likely not optimal, and that the observed coupling behavior in our experiment will be more complex than the ideal case would suggest. In addition, the results presented in Fig. 5 show that while the fundamental (even) mode seems to always be present in the waveguide, the second (odd) mode varies in strength as a function of the wavelength. Assuming there is no strong coupling between these two modes inside the PhC waveguide, since one mode is universally present and the second mode varies in amplitude, it is reasonable to expect that we should see the greatest transmission of energy through the waveguide when the second modes is at its apex and both modes are present. This expectation based on the observed mode characteristics inside the waveguide agrees with the observed characteristics at the input interface of the PhC waveguide. Once again, although there is insufficient information to draw a firm conclusion, these results reveal an agreement between near-field measurements made on differing areas of the PhC waveguide. Moreover, this comparison highlights the advantages of the H-NSOM technique for investigating the properties of nanoscale photonic devices, and demonstrates its potential for providing new and useful insight into these characteristics. 
Conclusions
We have analyzed the optical modes propagating in a Silicon-membrane photonic crystal waveguide, based on subwavelength-resolution amplitude and phase measurements of the optical fields using a heterodyne near-field scanning optical microscope (H-NSOM). Fourier analysis of the experimentally obtained optical amplitude and phase data allowed the identification of the propagating modes of the waveguide, including the direction of propagation (in contrast to intensity-only measurement techniques). This analysis revealed the presence of two superposed propagating modes in the waveguide. The propagation characteristics of these two modes were found to be in reasonable agreement with theoretical predictions within the limits of fabrication tolerances-the strongly dispersive waveguide modes mean that the exact propagation characteristics are extremely sensitive to a variety of parameters, including the material refractive index, membrane thickness, hole diameter and shape, and other fabrication defects. An analysis of the relative amplitudes of these two modes as a function of wavelength shows a periodic variation. Finally, by scanning the input region of the PhC waveguide, an estimation of the coupling efficiency between the ridge waveguide and the photonic crystal waveguide was made. The coupling efficiency was also found to have a periodic nature as a function of wavelength, with a period very close to the period measured for the internal propagating mode characteristics.
These results demonstrate that the characterization technique based on H-NSOM provides a wealth of information concerning the optical fields propagating in the device under study. In particular, the combination of the high-sensitivity amplitude and phase measurements, subwavelength resolution, and appropriate analytical and interpretive techniques permit the in-situ observation of the optical field properties with an unprecedented level of detail. Consequently, as nanostructure-based photonic devices and systems continue to grow in complexity and scale, the H-NSOM technique will likely prove to be an invaluable tool in observing the local optical fields in such devices, understanding the optical interactions between integrated components, and optimizing the performance of photonic systems based on this technology.
